cal stretch, fibroblasts differentiate into myofibroblasts in the repairing tissue and, possessing the features of both fibroblasts and smooth muscle cells, are dynamic in collagen synthesis and fibrous tissue contraction (3) . Maintaining the extracellular matrix in the infarcted myocardium is essential in preventing the heart from dilatation.
Local factors regulating cardiac repair/remodeling have drawn great attention. Our recent study has shown that VEGF-C expression is significantly increased in the infarcted myocardium (31) . Our study has further shown that VEGFR-3 is significantly increased in the infarcted myocardium in both early and late stages of MI. In addition to lymphatic vessels, VEGFR-3 is highly expressed in myofibroblasts of the infarcted myocardium, suggesting that VEGF-C plays a role in cardiac fibrous tissue formation in an autocrine/paracrine manner. These observations imply that, in addition to lymphangiogenesis, VEGF-C has unidentified functions in fibrogenesis during cardiac repair post-MI. The molecular basis of VEGF-C on cardiac fibrogenic response, however, remains unknown and is investigated in the current study.
Primary cultures of rat cardiac fibroblasts automatically transform to myofibroblasts in the first or second passage (P1 or P2) (18) . Both in vitro and in vivo cardiac myofibroblasts are of a similar phenotype. With the use of cultured myofibroblasts, the potential influence of VEGF-C on myofibroblast growth, migration, proliferation, and collagen turnover was explored in the study.
The TGF-␤ and MAPK/ERK signaling cascade are the major pathways controlling cellular processes associated with fibrogenesis, including growth, proliferation, and survival. Activation of the TGF-␤ and MAPK/ERK pathways is detected in various fibrotic diseases (24, 28) . The current study also determined whether the regulation of VEGF-C on fibrogenesis is through TGF-␤ and/or ERK pathways.
MATERIAL AND METHODS
Cell culture. Cardiac fibroblasts were isolated from 8-wk-old male Sprague-Dawley rats (14) . Briefly, rat was anesthetized with isoflurane inhalation, and the heart was excised, washed in PBS, and cut into 1-mm 3 pieces. The tissue was digested at 37°C in digestion medium containing a mixture of collagenase B (115 mg/100 ml; Worthington, Lakewood, NJ) and trypsin (50 mg/100 ml; Sigma, St. Louis, MO) for 10 min with constant shaking. Cells from the third to tenth digestions were pooled and pelleted down. The pellet was resuspended in 5 ml DMEM 10% FBS, seeded into 60-mm dishes, and kept at 37°C in CO 2 incubator for a preplating period of 150 min. Unattached cells were discarded, and attached cells were washed and grown in the plating medium. Cultures were maintained at 37°C in 95% humidified air and 5% CO 2 atmosphere. Fibroblasts in culture automatically differentiate into myofibroblasts at P1 and P2 (18) . Myofibroblasts were confirmed by immunohistochemical ␣-smooth muscle actin (SMA) staining. The dose (0, 10, 50, and 200 ng/ml medium) and time (6, 12 and 24 h) response of VEGF-C on fibrous tissue formation were determined. This study was approved by the University of Tennessee Health Science Center Animal Care and Use Committee. The investigation conforms with the Guide for the Care and Use of Laboratory Animals published by the US National Institutes of Health.
Cell proliferation assay. Myofibroblast proliferation was assessed using bromodeoxyuridine (BrdU) cell proliferation assay kit (Cell Signaling, Danvers, MA). The assay was performed according to the manufacturer's instructions. Myofibroblasts were seeded in 96-well plates. After being quiescient in serum-deprived medium for 24 h, cells were exposed to VEGF-C (200 ng/ml) for 20 h. BrdU (10 M) was then added, and cells were further incubated for 4 h. At the endpoint of the incubation, medium was withdrawn, 100 l/well of fixing solution were added, and the plates were incubated at room temperature for 30 min. Afterwards, the solution was aspirated and the wells were rinsed three times with a washing solution and eventually dried on a paper towel. Anti-BrdU monoclonal antibodies were then added (100 l/well), and the wells were incubated for 1 h at room temperature. Medium was removed, and wells rinsed three times with a washing solution. Horseradish peroxidase-conjugated anti-mouse IgG was added, and the plate was incubated at room temperature for 30 min. After three washes, 100 l TMB substrate were added to each well, followed by 100 l of stop solution for 30 min. The absorbance was read at 450 nm in a microplate reader (4) . Eight different wells were counted in each group.
Cell migration assay. Myofibroblast migration was detected with a modified Boyden's chamber assay. The cell culture inserts, which contain membranes with 8.0-m pore size, were placed in a 24-well tissue culture plate (Millipore ECM508, Billerica, MA). Myofibroblasts were quiesced for 24 h, then trypsinized, resuspended in DMEM, and seeded into the upper chamber at 1ϫ 10 5 cells/well. The lower chamber contains DMEM with VEGF-C (200 ng/ml) as a chemoattractant. After incubation for 6 h at 37°C, cells/media were removed from the top side of the insert by pipetting out the remaining cell suspension. The inserts were placed in clean wells containing 400 l of cell stain for 20 min.
The inserts were then rinsed in water, and cotton-tipped swabs were used to remove nonmigratory cells from the interior of the insert. The inserts were transferred to a clean well containing 200 l of extraction buffer for 15 min. The dye mixture (100 l) was transferred to a 96-well plate, and optical density was measured at 560 nm (15) . Six different samples were tested in each group.
Western blotting. The effects of TGF-␤1 (10 ng/ml) on type I collagen and matrix metalloproteinase (MMP)-2 and MMP-9 levels and VEGF-C on expression of type I and III collagen, MMP-2, MMP-9, inhibitor of metalloproteinase (TIMP)-1 and -2, and TGF-␤1 proteins in culture medium and ␣-SMA, Smad2, and phosphorylated Smad2 in myofibroblasts were assessed by Western blot. The cells were plated in sixwell plates, grown to subconfluence, and then quiesced for 24 h. Cells were then incubated with or without VEGF-C for 24 h. Medium was concentrated by centrifugation for 30 min in Amicon ultra centrifugal filters (Millipore, Billerica, MA). Proteins from cells and medium were loaded on the gel, subjected to SDS-PAGE (10% polyacrylamide gel), and transferred onto nitrocellulose membranes using a Bio-Rad Mini Trans Blot electrophoretic transfer unit. Membranes were blocked for nonspecific protein with 5% nonfat dry milk in TBS and then probed overnight at 4°C with primary antibodies against type I and III collagen, MMP-2, MMP-9, TIMP-1, TIMP-2, TGF-␤1, ␣-SMA, Smad2, and phosphorylated Smad2 (Millipore and Sigma). Membranes were then washed three times (10 min per wash) with TBS with 0.05% Tween-20 to remove unbound antibodies, and further incubated with appropriate horseradish peroxidase-conjugated secondary antibody (1:2,000). Membranes were developed by a chemiluminescence reagent kit (Amersham Pharmacia Biotech, Piscataway, NJ) according to the manufacturer's protocol. The amount of protein detected was assessed by means of quantitative densitometry analysis with a computer image analyzing system (29) . Six different samples were tested in each group.
ELISA. The effect of VEGF-C on TGF-␤1 production in cardiac myofibroblasts was determined by ELISA. Supernatants were collected for TGF-␤1 detection with a commercial ELISA kit (R&D Systems, Minneapolis, MN). Briefly, TGF-␤1 standards, positive control, and 50-ul activated samples were added to a 96-well plate coated with TGF-␤1 antibody. The plate was incubated for 2 h at room temperature and then washed by wash buffer (400 l) four times. TGF-␤1 conjugate (100 l) was then added to the plate. After a 2-h incubation, the plate was washed again four times as above. Substrate solution (100 l) was added to the plate, followed by stop solution (100 l). The optical density of each well was measured within 30 min using a microplate reader set to 450 nm with a correction at 540 nm. Six samples were included in each group. TGF-␤1 blockade. TGF-␤1 siRNA and neutralizing antibody were used to detect whether the regulation of VEGF-C on fibrogenesis is via the TGF-␤1 pathway. At confluence of 50%, myofibroblasts were quiesced for 24 h. TGF-␤1 siRNA (final concentration 30 nM; control siRNA sequence: sense: 5=-UAACGACGCGACGACGUAATT-3=, antisense: 5=-UUACGUCGUCGCGUCGUUATT-3=; TGF-b1 siRNA sequence: sense: 5=-GGAGAGCCCUGGAUACCAATT-3=, antisense: 5=-UUGGUAUCCAGGGCUCUCCGG-3=) was introduced to cells through Lipofectamine RNAiMAX reagent (Invitrogen, Grand Island, NY) (9, 30) . The transfection was performed as described by the manufacturer's manual. At 6 h after the transfection, VEGF-C was administered to the cells with final concentration of 200 ng/ml.
The neutralizing antibody of TGF-␤1 (10 ug/ml; R&D Systems) was applied to cells, followed by VEGF-C (200 ng/ml) for 1 h. The medium and cell lysate were collected at 24 h. Myofibroblast proliferation and collagen synthesis were analyzed as described above.
ERK activation and blockade. To detect ERK1/2 activation, myofibroblasts were quiesed for 24 h and VEGF-C (200 ng/ml) and then administered to the cells for 10 min. Cell lysate was collected in modified RIPA buffer. ERK phosphorylation was detected by Western blot using antibodies against ERK1/2 and phospho-ERK1/2 (Cell Signaling).
To determine whether the role of VEGF-C on fibrogenesis is through the ERK pathway, U0126 (ERK inhibitor, 10 uM) was added to the plates for 1 h, followed by VEGF-C treatment. Myofibroblast proliferation and collagen production were analyzed as described above.
Statistical analysis. Statistical analysis of cell differentiation, proliferation, migration, Western blot, and ELIZA data among the groups was performed using Student t-test or ANOVA. Values are expressed as means Ϯ SE with P Ͻ 0.05 considered significant. Multiple group comparisons among controls and each group were made by Scheffé's F-test.
RESULTS
Fibroblast-myofibroblast differentiation. The hallmark of myofibroblasts is their expression of ␣-SMA, which is not expressed by fibroblasts. Fibroblasts spontaneously transform into myofibroblasts in culture. By immunohistochemical ␣-SMA staining, results showed that cultured cardiac fibroblasts began to express ␣-SMA at P1 (Fig. 1A) . Western blotting detection shows that VEGF-C treatment did not alter ␣-SMA expression in cultured cells (Fig. 1B) .
VEGF-C increases myofibroblast proliferation. The potential role of VEGF-C on myofibroblast proliferation was examined by the BrdU cell proliferation assay. We found that VEGF-C treatment significantly increased myofibroblast proliferation compared with vehicle-treated control cells (Fig. 1C) .
VEGF-C stimulates myofibroblast migration. ␣-SMA is a cytoskeletal protein involved in cell contraction and migration. In the early phase of MI, migration enables the rapid recruitment of myofibroblasts to the infarct site. The potential role of VEGF-C on myofibroblast migration was examined by the Boyden's chamber assay. We found that myofibroblast migration was significantly increased in cells receiving VEGF-C compared with vehicle-treated cells (Fig. 1D) .
VEGF-C promotes type I and III collagen synthesis.
Collagen production is the key function of myofibroblasts. Collagen is a secreted protein released from cells into the interstitial space. In cultured myofibroblasts, collagen is secreted into the culture medium. Type I and III collagen are the major collagen isoforms. Via Western blot, we observed low levels of type I collagen in the medium of the control cells. VEGF-C treatment significantly increased type I collagen contents in the culture medium compared with that of the control group. Our study further shows that VEGF-C stimulated type I collagen synthesis in a time-and dose-dependent manner (Fig. 2, A and B, respectively) . Further- more, VEGF-C also significantly elevated type III collagen release in myofibroblasts (Fig. 2C) .
VEGF-C upregulates MMP-2 and MMP-9 expression.
MMPs are also secreted proteins. Western blot detection revealed that MMP-2 and MMP-9 levels were barely detectable in the medium of the control cells. VEGF-C treatment was found to increase MMP-2 and MMP-9 secretion by cultured myofibroblasts (Fig. 3, A and B, respectively) .
VEGF-C promotes TIMP-1 and TIMP-2 expression. TIMPs are glycoprotein peptidases involved in inhibition of extracellular matrix degradation. TIMPs are also secreted proteins that are released into the interstitial space and culture medium. Western blot detection showed that myofibroblasts in the control group produced extremely low levels of TIMP-1 and TIMP-2. VEGF-C treatment significantly increased TIMP-1 and TIMP-2 levels in the medium compared with that of the control group (Fig. 3, C and D, respectively) .
VEGF-C activates TGF-␤1 pathway. TGF-␤1 is a profibrogenic mediator produced by several types of cells, including myofibroblasts, and is a secreted protein. TGF-␤1 protein levels in the culture medium were measured by Western blot and ELISA (Fig. 4, A and B) . TGF-␤1 was barely detectable in the medium of the control cells. In VEGF-C-treated cells, TGF-␤1 protein level was significantly elevated in the medium compared with that of the controls.
TGF-␤ signaling is initiated by phosphorylation of the cytoplasmic signaling molecules Smad2/3. The current study shows that VEGF-C treatment enhanced Smad2 phosphorylation in myofibroblasts, which started at 10 min, peaked at 30 min, and then declined at 1 h (Fig. 4C) .
TGF-␤1 stimulates type I collagen, MMP-2, and MMP-9 release into the medium (Fig. 5A) . To determine whether the role of VEGF-C on fibrogenesis is via activation of the TGF-␤ pathway, we blocked TGF-␤1 synthesis with TGF-␤1 siRNA or the neutralizing antibody. Both TGF-␤1 siRNA and neutralizing treatments significantly suppressed VEGF-C-induced myofibroblast proliferation (Fig. 5A ) and type I collagen synthesis (Fig. 5, B and C) .
VEGF-C activates ERK pathway. The ERK signal pathway functions in cellular proliferation, differentiation, and survival. To determine whether the role of VEGF-C on fibrogenesis is via activation of the ERK pathway, we examined the effect of VEGF-C on ERK phosphorylation. Compared with vehicletreated cells, we observed significantly increased ERK phosphorylation in myofibroblasts after 10 min of VEGF-C treatment compared with controls (Fig. 6A) .
To determine whether VEGF-C-induced fibrogenesis is through the ERK pathway, we blocked the ERK pathway with an ERK inhibitor (U0126). We found that U0126 treatment significantly diminished VEGF-C-induced myofibroblast proliferation (Fig. 6B ) and type I collagen synthesis (Fig. 6C) .
Interaction between TGF-␤1 and ERK pathways. To study whether the TGF-␤1 and ERK pathways cross talk in myofibroblast-induced fibrogenesis, we cotreated myofibroblasts with a VEGF-C and ERK inhibitor (U0126). We found that U-126 did not suppress VEGF-C-induced TGF-␤ synthesis (Fig. 7) . study explored the regulation of VEGF-C on myofibroblastinduced fibrogenesis and its underlying molecular mechanisms. First, we tested whether VEGF-C regulated cardiac myofibroblast differentiation, proliferation, and migration. Myofibroblasts are primarily differentiated from cardiac interstitial fibroblasts in the infarcted heart. Following MI, they first appear at the border zone (the region between the infarcted and noninfarcted myocardium) and rapidly proliferate and accumulate in the infarcted myocardium. Locally released factors and cytokines, such as TGF-␤, platelet-derived growth factor, fibroblast growth factor, etc., have been shown to regulate myofibroblast proliferation (5, 19, 30) .
The current study has revealed that VEGF-C treatment has no effect on myofibroblast differentiation but markedly increases myofibrobalst proliferation. Previously, VEGF-C has been reported to stimulate lymph endothelial cell replication (2, 27) . Anti-VEGFR-3 antibody has been shown to inhibit VEGF-C-induced tumor lymphangiogenesis and metastasis by suppressing lymph endothelial cell proliferation (2). Our observation indicates that in addition to lymph endothelial cells, VEGF-C also promotes the proliferation of other cell lines, including myofibroblasts, and is involved in other cellular actions, such as fibrogenesis during tissue repair.
Myofibroblasts are mobile and contractile. Following MI, myofibroblasts migrate into the infarct area. Their contractile properties, combined with their synthesis of extracellular matrix proteins, serve the purpose of preventing infarct expansion. The process of migration of myofibroblasts in the infarct area is not completely elucidated.
Myofibroblasts are highly responsive to certain growth factors. Platelet-derived growth factor, interstitial growth factor, and endothelial growth factor and TGF-␤1 stimulate the migration of myofibroblasts (10) . The result of the present study shows that VEGF-C serves as another mediator of myofibroblast migration. Previously, VEGF-C has been reported to play an autocrine role in metastasis by promoting tumor cell motility (23) . Depletion of endogenous VEGF-C by treatments with a VEGF-C siRNA inhibited tumor cell migration (17) . Thus VEGF-C is involved in cell migration in various pathological conditions.
Next, we detected the potential regulation of VEGF-C on the function of myofibroblasts. The key role of myofibroblasts is to produce extracellular matrix. Collagen is the major component of extracellular matrix. So far, 29 types of collagen have been identified and described. Among all collagen subtypes, type I and III collagens are the main elements of cardiac fibrous tissue (7, 21) . Myofibroblast-induced collagen synthesis is known to 25kDa Fig. 7 . Effect of the ERK inhibitor on VEGF-C-induced TGF-␤1 production in myofibroblasts. VEGF-C enhanced TGF-␤1 production by myofibroblasts, which was not diminished by U0126; n ϭ 6/group. be primarily stimulated by TGF-␤ (8, 12) . The results from the present study reveal that VEGF-C serves as a stimulatory factor in the function of myofibroblasts and promotes type I and III collagen production. Fibrous tissue accumulation relies on the balance between collagen synthesis and degradation with MMPs playing a central role in collagen degradation. MMPs are a large family of proteases with Ͼ20 members. MMPs are secreted proteins produced by various types of cells, including myofibroblasts (13) . After secretion into the interstitial space, MMP activity is controlled by TIMPs. TIMPs function as an important regulatory brake on MMP activity by inhibiting the active species, thereby suppressing collagen degradation (11) . TIMPs comprise a family of four subtypes and are produced in various cells, including myofibroblasts (16) . Our data have shown that VEGF-C treatment significantly increased MMP-2 and MMP-9 release and is coincident with upregulated TIMP-1 and TIMP-2 expression in myofibroblasts. These observations suggest that even though MMPs are elevated, coexpression of TIMPs counteract the activity of MMPs and limit collagen degradation.
Finally, we investigated whether the role of VEGF-C on fibrogenesis is via activating TGF-␤1 and/or ERK pathways. TGF-␤1 is a central profibrotic factor, which promotes fibroblast proliferation and extracellular matrix production in both physiological and pathological situations, including in the infarcted heart (1, 22) . The current study has shown that VEGF-C treatment significantly elevates TGF-␤1 release from myofibroblasts. Smads are intracellular proteins that transduce extracellular signals from TGF-␤1 ligands to the nucleus where they activate downstream gene transcription. In response to TGF-␤ signal, Smad2 is phosphorylated by the TGF-␤ receptors and activates TGF-␤ pathway. The current study shows that VEGF-C treatment stimulates Smad2 phosphorylation. Our data further reveal that TGF-␤1 siRNA or neutralizing antibody abolishes VEGF-C-induced fibrogenic effects.
These observations indicate that regulation of VEGF-C on myofibroblast growth and function is mediated through activating the TGF-␤ pathway.
The MAPK/ERK pathway is involved in the regulation of a variety of growth and differentiation pathways through several phosphorylation cascades. The signaling cascade is activated by a number of receptors, which then transduce the signal to adaptors that eventually activate Raf, MEK1/2, and ERK, the core components of the pathway (26) . ERK regulates transcription factors via phosphorylation. We further examined whether the stimulatory role of VEGF-C on fibrogenesis was also through the ERK pathway. Our data indicate that VEGF-C stimulates ERK phosphorylation, and VEGF-C-induced myofibroblast proliferation and fibrogenesis are markedly suppressed by the ERK inhibitor. These observations demonstrate that, in addition to TGF-␤ pathway, VEGF-C also promotes fibrogenesis via activating the ERK pathway.
We then examined whether TGF-␤ and ERK pathways interacted in myofibroblast-induced fibrogenesis. Our data reveal that TGF-␤ synthesis is not blocked by ERK inhibitor treatment in myofibroblasts. The result indicates that VEGF-C-induced ERK phosphorylation in myofibroblasts is not via TGF-␤ pathway.
In summary, VEGF-C controls multiple levels of the fibrogenic process. It upregulates myofibroblast proliferation, migration, and collagen synthesis. Unlike TGF-␤, which directly induces fibrogenesis, VEGF-C stimulates the growth and function of myofibroblasts through stimulating TGF-␤1 production and ERK phosphorylation.
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